Hypoxia is associated with resistance to anticancer therapies. Additionally, it is involved in the immune evasion of cancer cells by inducing an immunosuppressive microenvironment. However, the role of hypoxia in modulating the immunogenicity of cancer cells remains unknown. Hypoxia is known to induce endoplasmic reticulum (ER) stress, which serves a key role in inducing the cell surface exposure of calreticulin, a marker of immunogenic cell death. The present study investigated whether hypoxia influenced the immunogenicity of cancer cells using FACS, western blot analysis and syngenic mouse tumor model. The results revealed that hypoxia induced the cell surface exposure of calreticulin in human and mouse breast cancer cell lines depending on ER stress. Enhanced cell surface exposure of calreticulin induced by hypoxia resulted in an increase in anticancer immunity in a mouse model, which suggested that hypoxia induced immunogenic cell death. Notably, hypoxia did not significantly modulate the cell surface exposure of CD47, an antagonist of calreticulin function in cancer immunogenicity. These results suggest that hypoxia may enhance the immunogenicity of cancer cells themselves, in addition to its role in inducing an immunosuppressive cancer microenvironment.
Introduction
Hypoxia, which commonly occurs in the majority of solid tumors, is associated with resistance to anticancer therapies, including chemotherapy and radiotherapy (1, 2) . Cancer cells become resistant to anticancer therapies during hypoxia due to their adaptation to lower oxygen levels, which alters the gene expression of metabolic enzymes partially mediated by hypoxia-inducible factors 1α and 2α (3) . In addition to transcriptional regulation, hypoxia strongly suppresses the translation rate by inhibiting the expression of eukaryotic initiation factors 2 and 4F (4) . The endoplasmic reticulum (ER) stress and mTOR signaling pathways serve key roles in the hypoxia-mediated inhibition of eukaryotic initiation factors (4) .
Despite the well-known role of hypoxia in the resistance to anticancer therapies, its roles in cancer immunity, to the best of our knowledge, have not been extensively studied. Recent studies have demonstrated that hypoxia promotes cancer progression by impairing anticancer immunity via various mechanisms (5) (6) (7) (8) . Cancer cells in hypoxic regions release molecules that induce the differentiation of tumor-associated macrophages (TAM) into immunosuppressive phenotypes, including M2-type TAMs, or recruit myeloid-derived suppressor cells (5, 6) . ER stress in cancer cells, which can also be induced by hypoxia, and low nutrient supply can be transmitted to dendritic cells and impair their ability to prime CD8 + T cells (7, 8) . These findings suggest that hypoxia is generally associated with the suppression of anticancer immunity. Different anticancer therapies result in different types of cancer cell death in terms of immunogenicity. Cancer cell death caused by doxorubicin or irradiation is strongly immunogenic, whereas cancer cell death caused by cisplatin is poorly immunogenic (9) . The cell surface exposure of calreticulin has been identified as a key feature in determining immunogenic cell death (9) . Activation of the ER stress signaling pathway is involved in the cell surface exposure of calreticulin (10) .
Hypoxia induces ER stress in cancer cells. The ER stress signaling pathway is one of the main mechanisms underlying the increased cell surface exposure of calreticulin, a marker of immunogenic cell death (9, 10) . The present study
Hypoxia induces immunogenic cell death of cancer cells by enhancing the exposure of cell surface calreticulin in an endoplasmic reticulum stress-dependent manner
investigated the role of ER stress induced by hypoxia in the immunogenicity of cancer cells. It was identified that hypoxia increased the cell surface exposure of calreticulin in an ER stress-dependent manner, resulting in enhanced immunogenicity of cancer cells. Compared with the efficient increase in the exposure of cell surface calreticulin induced by hypoxia, the cell surface exposure of CD47, an anti-phagocytic signal that antagonizes the activity of calreticulin in phagocytosis, was not efficiently induced by hypoxia. Therefore, hypoxia may enhance the immunogenicity of cancer cells in addition to inducing an immunosuppressive cancer microenvironment. These results may be useful in understanding the role of hypoxia in cancer immunity to design effective anticancer immunotherapies.
Materials and methods
Cell culture. MCF7 and MDA-MB-231 cells were purchased from the American Type Culture Collection. Both cells were cultured in Dulbecco's Modified Eagle medium (DMEM) supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin at 37˚C in a 5% CO 2 atmosphere and irradiation were performed as described previously (11, 12) . The 4TO7 cells were established by Dr Fred R. Miller at Wayne State University and were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin at 37˚C in a 5% CO 2 atmosphere (13) . A total of 5x10 6 cells were seeded in 150 mm dishes and following 36 h, cells of ~70% confluence were exposed to 2 µM doxorubicin (Sigma-Aldrich; Merck KGaA) or 300 µM cisplatin (Sigma-Aldrich; Merck KGaA) at 37˚C for 24 h. A total of 5x10 6 cells were seeded in 150 mm dishes and following 36 h, cells of ~70% confluence were irradiated with 10 Gy at room temperature and harvested via fluorescence-activated cell sorting (FACS) analysis 24 h later. Cells were exposed to hypoxia at 37˚C for 48 h in an anaerobic system (Thermo Fisher Scientific, Inc.) using mixed gases (1% O 2 , 5% CO 2 and N 2 balance). The oxygen concentration was monitored using an O 2 sensor (New Cosmos Electric Co., Ltd.) prior to hypoxia treatment. A total of 5x10 6 cells were seeded in 150 mm dishes and following 36 h, cells of ~70% confluence were treated with 1 mM tauroursodeoxycholic acid (TUDCA; Sigma-Aldrich; Merck KGaA) or 5 mM 4-phenylbutyrate (4-PBA; Sigma-Aldrich; Merck KGaA) at 37˚C for 30 min prior to hypoxia treatment. Student's t-test (unpaired) was performed to determine significant differences between two groups, and one-way analysis of variance with Dunnett's post hoc test for multiple comparisons was performed to determine significant differences among more than two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Hypoxia increases the cell surface exposure of calreticulin in human and mouse breast cancer cell lines in an ER stress-dependent manner. To investigate whether hypoxia induced the cell surface exposure of calreticulin, the human breast cancer cell lines MCF7 and MDA-MB-231 were cultured under 1% O 2 hypoxic conditions. Irradiation (10 Gy) and doxorubicin, which are known inducers of the cell surface exposure of calreticulin, were used as positive controls (9, 10) . Hypoxia, irradiation and doxorubicin induced the cell surface exposure of calreticulin in MCF7 and MDA-MB-231 cells ( Fig. 1A and B ). Western blot analysis suggested that hypoxia not only induced cell surface exposure of calreticulin but also its total expression ( Fig. 1C and D) . Furthermore, the present study investigated a mouse breast cancer cell line to determine a similar pattern of results. Using 4TO7, a balb/c-derived breast cancer cell line, it was identified that hypoxia induced both the cell surface exposure and total expression of calreticulin in 4TO7 cells, which was similar to the effects observed in human breast cancer cell lines ( Fig. 2A) . The cell surface exposure of calreticulin has been reported to be ER stress-dependent (10) . Consistent with the previous study, the chemical chaperones TUDCA and 4-PBA decreased hypoxia-induced cell surface exposure of calreticulin (Fig. 2B) . These results suggest that hypoxia induced ER stress, which resulted in enhanced cell surface exposure of calreticulin.
Hypoxia-induced cell surface exposure of calreticulin is associated with enhanced immunogenicity of the 4TO7 mouse breast cancer cell line. To investigate whether the hypoxia-induced cell surface exposure of calreticulin enhanced anticancer immunogenicity, a mouse experiment was performed. The results demonstrated that ~60% of 4TO7 cells died after 2 days of culture under 1% O 2 hypoxic conditions, based on annexin V and propidium iodide staining analysis (data not shown). The left thighs of 6-week-old mice were subcutaneously injected (vaccinated) with 1x10 6 dying 4TO7 cells. At 7 days post-injection, the right thighs were subcutaneously injected (challenged) with 5x10 5 live 4TO7 cells to induce tumor growth. Tumor growth in the right thighs of mice vaccinated with hypoxia-treated 4TO7 cells was inhibited as efficiently as in the groups exposed to irradiation (10 Gy) and doxorubicin. However, tumor growth was not suppressed in mice vaccinated with 4TO7 cells treated with PBS and cisplatin, which is a poor inducer of immunogenic cell death (Fig. 3A) . Additionally, analysis of tumor-free mice (mice with tumor sizes <150 mm 3 were considered tumor-free since, empirically, it is very difficult to measure the tumor volume below 150 mm 3 ) demonstrated that the tumor growth in the hypoxia group was inhibited as efficiently as in the irradiation (10 Gy) and doxorubicin groups (Fig. 3B) . These results suggest that hypoxia may have induced immunogenic cell death by enhancing the cell surface exposure of calreticulin. Hypoxia increases the cell surface exposure of calreticulin but not CD47, an anti-phagocytic signal. The cell surface exposure of calreticulin is an 'eat me' signal, prompting the recognition and removal of dying tumor cells by phagocytes (9, 14) . By contrast, the cell surface exposure of CD47 works as a 'do not eat me' signal, which antagonizes the function of calreticulin (9, 14) . Therefore, the present study examined whether hypoxia modulated the cell surface exposure of CD47 in 4TO7 cells. Irradiation efficiently induced the cell surface exposure of calreticulin and CD47 (4.4-fold for calreticulin and 2.6-fold for CD47 vs. no treatment on day 2; Fig. 4 ). It is possible that the cell surface exposure of calreticulin induced by irradiation was partially counteracted by the enhanced cell surface exposure of CD47. Hypoxia also induced the cell surface exposure of calreticulin but not that of CD47 (2.8-fold for calreticulin and 1.1-fold for CD47 vs. no treatment on day 2; Fig. 4 ). Therefore, calreticulin surface expression induced by hypoxia may work as an 'eat me' signal effectively, without being antagonized by CD47. Overall, the results suggest that hypoxia may have induced immunogenic cell death by enhancing the cell surface exposure of calreticulin in an ER stress-dependent manner, although hypoxia elicits numerous alterations in the cancer microenvironment, which are unfavorable for the induction of antitumor immunogenicity. Further investigations are required to elucidate the cumulative effect of hypoxia-induced alterations in the cancer microenvironment on the immunogenicity of cancer cells.
Discussion
Apoptotic cells are removed by phagocytic cells to maintain homeostasis. Phosphatidylserine (PS) on the cell surface of apoptotic cells is a well-known signal recognized by phagocytes (15, 16) . It is referred to as the 'eat me signal' (15, 16) .
Gardai et al (14) have demonstrated that calreticulin also acts as an 'eat me signal' for phagocytes. Unlike PS, which is involved in anti-inflammatory and anti-immunogenic responses, the exposure of calreticulin on the apoptotic cell surface induces immunogenic cell death (9) . Therefore, anticancer therapies, which induce cell surface exposure of calreticulin during apoptosis, lead to immunogenic cancer cell death. However, calreticulin is also present on the cell surface of live cells, which are not taken up by phagocytes, suggesting a role of specific regulatory mechanisms in the process. CD47 has been demonstrated to act as a 'do not eat me' signal (14) . It prevents the uptake of calreticulin-expressing live cells by phagocytes (14) . Therefore, CD47 is used as an anti-phagocytic signal in the immune evasion of cancer cells. An anti-CD47 antibody has been developed to enhance anticancer immunity by modulating the balance between pro-and anti-phagocytic signals (17) .
Calreticulin is a highly-conserved 46 kDa protein predominantly located in the ER due to the presence of the ER retrieval signal (KDEL) at the C-terminal (18) . Calreticulin is a multifunctional protein with Ca 2+ -binding and chaperone activities important for numerous biological processes, including Ca 2+ homeostasis, cellular signaling and protein folding (19) (20) (21) . Since the Ca 2+ signaling pathway is important for T-cell receptor activation, calreticulin contributes to the modulation of the T cell-mediated adaptive immune response (22) . Therefore, calreticulin induces immune responses via extracellular and intracellular signals. In addition to its role in immunogenic cell death in anticancer therapies, calreticulin has been revealed to be involved in a number of aspects of cancer biology, including cancer cell proliferation, differentiation of neuroblastoma and cancer cell migration (23) .
Hypoxia is an important obstacle to anticancer therapies since it induces a number of metabolic alterations associated with resistance to apoptosis in cancer cells. Alterations in cancer cells induced by hypoxia have also been associated with immune evasion mechanisms (5) (6) (7) (8) . Interleukin 10, transforming growth factor-β-β and vascular endothelial growth factor secreted by cancer cells, and ER stress induced in cancer cells under hypoxic conditions are associated with immune suppression in the tumor microenvironment (5) (6) (7) (8) .
The results of the present study appear to be inconsistent with the results of previous studies (5) (6) (7) (8) . One may propose that hypoxia-induced alterations in cancer cells result in evasion of immune surveillance and resistance to immune responses. However, other alterations may lead to the immunogenic cell death of cancer cells in a hypoxic microenvironment. Immune evasion or resistance to immune responses may be determined by the cumulative alterations induced by hypoxia. The present study revealed that hypoxia induced immunogenic cell death of cancer cells in an ER stress-dependent manner. This observation is supported by previous studies suggesting that lysates derived from cancer cells cultured at 5% O 2 were improved sources of cancer vaccine antigen than those obtained at 20% O 2 (24, 25) . Although these studies did not explore the mechanisms underlying the phenomenon, they are similar to the findings of the present study, suggesting that culture conditions at oxygen concentrations <20% may enhance the immunogenicity of cancer cells. Future studies may investigate whether the cell surface exposure of calreticulin is induced in cancer cells cultured at 2-5% oxygen concentrations, which is higher than the oxygen concentration used in the present study. In summary, the results suggest that hypoxia induced favorable and unfavorable alterations in terms of anticancer immunity. Elucidation of the exact mechanisms may facilitate the design of effective anticancer immunotherapies. Figure 4 . Hypoxia induces the cell surface exposure of calreticulin but not CD47, an anti-phagocytic signal. 4TO7 cells were treated as indicated (irradiation, 10 Gy; hypoxia, 1% O 2 ). At the indicated time points, the cells were analyzed by fluorescence-activated cell sorting using (A) anti-calreticulin or (B) CD47 antibodies. The relative exposure was expressed as the mean median fluorescence intensity ± SD. * P<0.05 vs. control (no treatment on day 1 or 2). Figure 3 . 4TO7 cells dying from hypoxia are immunogenic in mice. A total of 1x10 6 4TO7 cells treated for 2 days with the indicated methods (irradiation, 10 Gy; doxorubicin, 2 µM; cisplatin, 300 µM; hypoxia, 1% O 2 ) were subcutaneously injected (vaccinated) in the left thighs of mice. At 7 days post-injection, 5x10 5 live 4TO7 cells were injected (challenged) into the right thighs. (A) Tumor growth in the right thighs. Tumor volume is expressed as the mean ± SD. Compared with the PBS group, the doxorubicin, 10 Gy and hypoxia groups were statistically significantly different. (B) Percentage of right thigh tumor-free mice per group. Mice with tumor sizes <150 mm 3 were considered to be tumor-free. * P<0.05.
